Functionalized magnetic nanoparticles are used in several biomedical applications, such as drug delivery, magnetic cell separation, and magnetic resonance imaging. Size and surface properties of iron oxide nanoparticles are the two important factors which could dramatically affect the nanoparticle efficiency as well as their stability. In this study, the chemometrics approach was applied to optimize the coating process of iron oxide nanoparticles. To optimize the size of nanoparticles, the effect of two experimental parameters on size was investigated by means of multivariate analysis. The factors considered were chitosan molecular weight and chitosan-to-tripolyphosphate concentration ratio. The experiments were performed according to face-centered cube central composite response surface design. A second-order regression model was obtained which characterized by both descriptive and predictive abilities. The method was optimized with respect to the percent of Z average diameter's increasing after coating as response. It can be concluded that experimental design provides a suitable means of optimizing and testing the robustness of iron oxide nanoparticle coating method.
Background
Magnetic nanoparticles (MNPs) are a major class of nanoscale materials with the potential to revolutionize current clinical diagnostic and therapeutic techniques. MNPs are being actively investigated as the next generation of magnetic resonance imaging contrast agents and as carriers for targeted drug delivery due to their unique physical properties and ability to function at the cellular and molecular level of biological interactions [1] [2] [3] . Composition, size, morphology, and surface chemistry can now be tailored by various processes to not only improve magnetic properties but also affect the behavior of nanoparticles in vivo [4, 5] . In its simplest form, a biomedical MNP platform is comprised of an inorganic nanoparticle core and a biocompatible surface coating that provides stabilization under physiological conditions [6, 7] . With the ability to utilize magnetic attraction and/ or specific targeting of disease biomarkers, MNPs offer an attractive means of remotely directing therapeutic agents specifically to a disease site while simultaneously reducing dosage and the deleterious side effects associated with non-specific uptake of cytotoxic drugs by healthy tissue. These physicochemical properties of nanoparticles directly affect their subsequent pharmacokinetics and biodistribution [8] . To increase the effectiveness of MNPs, several techniques, including reducing size and grafting non-fouling polymers, have been employed to improve their stealthiness and increase their blood circulation time to maximize the likelihood of reaching targeted tissues [9, 10] . Polymeric coating provides a steric barrier to prevent nanoparticle agglomeration and avoid opsonization. In addition, these coatings provide a means to tailor the surface properties of MNPs such as surface charge and chemical functionality. Some critical aspects with regard to polymeric coatings that may affect the performance of an MNP system include the nature of the chemical structure of the polymer (e.g., hydrophilicity/hydrophobicity, biodegradation characteristics, etc.), the length or molecular weight of the polymer, the manner in which the polymer is anchored or attached (e.g., electrostatic or covalent bonding), the conformation of the polymer, and the degree of particle surface coverage [11] . For drug delivery applications, iron oxide MNP must be precoated with substances that assure their stability, biodegradability, and non-toxicity in the physiological medium in order to achieve combined properties of high magnetic saturation, biocompatibility, and interactive functions on the surface [12] . The surfaces of these particles could be modified through a coating process by depositing a few atomic layers of biocompatible polymers. The polymer coating not only leads to the creation of more hydrophilic nanostructures but also provides a variety of surface functional groups to bind drug molecules, inhibit aggregation, and increase stability [5] . Both natural and synthetic polymers have been used in the preparation of coated MNP [3] . Chitosan is a polysacharide produced by deacetylation of chitin naturally extracted from shells of crabs and shrimps. Chitosan is a unique cationic, hydrophilic polymer that beneficial properties, such as low toxicity, low immunogenicity, excellent biodegradability, and biocompatibility as well as a high positive charge that easily forms polyelectrolyts complexes with negatively charged polyanions. It is well known that the amine group on chitosan molecules may interact with Fe 3 O 4 [13] . Optimization in the field of formulation especially formulation of nanosystems is often done according to traditional methods which are based on changing one variable at a time [14] . To optimize a formulation process, various experimental design methods can be used [15, 16] . Optimization of nanoparticle preparation can be difficult due to the wide array of parameters and variables which must be controlled to achieve specific particle size. A face-centered cube central composite response surface design can be used to evaluate the relationship between one or more response variables and a set of quantitative experimental parameters [17] (Additional file 1).
The objectives of this work are to optimize the coating process of Fe 3 O 4 nanoparticles (Fe NP) with chitosan and to create a model revealing the influence of various factors on the size of iron oxide nanoparticles after coating.
Methods
FeCl 3 .6H 2 O, FeCl 2 .4H 2 O, NaCl, and NaOH were obtained from Merck (Darmstadt, Germany). Low, medium, and high molecular weights of chitosan with MWs of 100, 400, and 600 kD, respectively, were purchased from Fluka BioChemica (Tokyo, Japan). The degree of deacetylation was 85%.
Preparation of nanoparticles
Iron oxide nanoparticles were prepared by adding a base to an aqueous mixture of Fe 2+ and Fe 3+ chloride at 0.5 molar ratio. In this method, the pH value of the Fe 2+ and Fe 3+ solution (concentration ratio 1:2) was adjusted at 10 by 2 N NaOH under N 2 gas. The solution was continuously agitated using a magnetic stirrer to produce a black precipitate. Then, precipitate was collected and washed by deionized water. Equation 1 shows the related reaction: According to the thermodynamic of the reaction, a complete precipitation of Fe 3 O 4 should be expected under a non-oxidizing (oxygen-free) environment. Otherwise, Fe 3 O 4 might also be oxidized to 3Fe(OH) 3 . Thus, the synthesis was done in an oxygen-free environment by passing N 2 gas. Chitosan solutions (Chi) with different concentrations and molecular weights were prepared by dissolving chitosan in 1% (W/V) acetic acid solution using sonication until the solution was transparent. Tripolyphosphate (TPP) was desolved in deionized water. The iron nanoparticles were dispersed in chitosan solution. 
Evaluation of nanoparticles
Size and polydispersity of particles were determined by a Zetasizer Nano Particle Analyzer using Zetasizer 3600 at 25°C with a scattering angle of 90°(Malvern Instruments, Malvern, UK). The analysis of the surface and shape characteristics of the nanoparticles were determined using a scanning electron microscope (model 2360, SEM; Leo Oxford, England) after coating.
Experimental design
In this study, two experimental parameters were varied at three levels according to Table 1 . These parameters were chosen as they were considered to have the most significant effect on the size of nanoparticles. The levels were selected based on knowledge that acquired from initial experimental trials. All experiments were carried out in duplicate. A two factor, at three levels, facecentered cube central composite response surface design was also used for testing the robustness of the method. The experiment in the central point provided a more precise estimate of pure experimental error and provided a measure for the adequacy of the model (lack of fit). All statistical analysis was performed on range scaled factor values of [−1, +1] with SPSS software (IBM Corp., Armonk, NY, USA).
Results and discussion
The effect of two factors on Z average diameter of nanoparticles was studied. The factors considered were chitosan-to-TPP concentration ratio (Chi/TPP ratio) and chitosan molecular weight. The experiments were performed in a random order on three levels for each factor using a face-centered cube central composite response surface design ( Table 2 ) that provides enough information for calculation of the regression model containing linear, interactions, and curved factor effects. The values of response data obtained for the experiments were also presented in Table 2 .
The increasing of Z average diameter of nanoparticles (%) after coating for all 11 experiments was fitted to the polynomial model. The coefficients of the model were calculated by backward multiple linear regression technique and validated by the analysis of variance (ANOVA). The criteria for the evaluation of descriptive capability of a polynomial were Fisher ratio value (F), correlation coefficient (R), and standard error of the estimate (SE). It was found that the model which successfully described the size increasing (%) of nanoparticles was a simple polynomial containing the main effect of two factors, interaction, and the square term of chitosan molecular weight. The related model and its statistics are presented in Table 3 .
The results of ANOVA demonstrated that the largest effect on size increasing during coating process of nanoparticles was due to the interaction term between the main factors with p value 0.004 and mean effect 0.551. The mean effect p (<0.05) values show that this term is completely significant in the MLR model. Also, the significant effect of two factors MW and Chi/TPP ratio in the model (with the p value 0.008 and 0.011, respectively) shows that these factors influence the Z average size of nanoparticles and describe response well. It is interesting to demonstrate that in this study, the quadratic term of MW was also significant in the size increasing of nanoparticles (p value 0.016) while no significant effect was observed due to the square term of Chi/TPP. This means that the existence of interaction between the principal factors in conditions of our experiments and MW 2 emphasizes once the necessity to carry out active multi-factor experiments for optimization of the preparation process of nanoparticles. Therefore, the use of simultaneous method is essential for optimization of iron oxide nanoparticle coating process.
Then, the size of nanoparticles was predicted in other experimental conditions using this simple equation. Then, the best obtained conditions were tested and the experimental results compared to predicted results. The graph of particle size distribution under one of the predicted condition (low MW and Chi/TPP ratio, 5.5:1) and SEM photograph were shown in Figures 1 and 2 , respectively.
Under this condition, the predicted and experimental increased size (%) was 77.7% and 112%, and the calculated particle size also were 446.1 and 532.3 nm, respectively. Also, to assess the suitability of obtained MLR model, the residuals were analyzed statistically. Table 3 (these conditions not entered in the modeling).
also shows a good agreement between predicted and experimental results for 13 experimental conditions not entered in the modeling. From the plot of Figures 3 and  4 , it can be observed that the fitting of this model and the model prediction ability is quite satisfactory.
Conclusions
Face-centered cube response surface experimental design in conjunction with soft modeling has been shown to be efficient in mapping response surface for changing the percent of particle size increasing. The results showed that a simple MLR model can be successfully used to evaluate the increasing of particle size and to search an optimum set of experimental conditions. To find the optimal conditions of particle size increasing (%), a second-order polynomial equation was generated to modeling the particle size increasing as a function of Chi/TPP ratio and chitosan molecular weight. The efficiency of the prediction of the model was confirmed by performing the experiment under the optimal condition.
